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We report on a new design of terahertz quantum cascade laser based on a single, potential-inserted
quantum well active region. The quantum well properties are engineered through single monolayer
InAs inserts. The modeling is based on atomistic, spds* tight-binding calculations, and performances
are compared to that of the classical three-well design. We obtain a 100% increase of the oscillator
strength per unit length, while maintaining a high, nearly temperature-independent contrast between
phonon-induced relaxation times of the upper and lower lasing states. The improved performances
are expected to allow THz lasing at room temperature.
Development of semiconductor-based terahertz (THz)
lasers operating at a temperature reachable by thermo-
electric cooling remains a major challenge in device
physics.1,2 The demonstration of THz quantum cascade
lasers (QCL) was an important breakthrough,3 however
the race to increase the operating range up to room tem-
perature is still in progress. Different designs and engi-
neering of both active region and collector/injector were
proposed toward this goal. So far, the three quantum
wells (QWs) design with tunnel- and phonon-assisted
population inversion represent the state-of-the-art of THz
QCLs,4 with an actual operating temperature record of
200K.5
Phonon-assisted population inversion is at the heart of
THz QCL mechanism. To make this possible, one needs
to engineer at least a three level system where the up-
per transition (laser transition) and the lower transition
(relaxation transition) energies are respectively smaller
and larger than the longitudinal optical (LO) phonon en-
ergy (~ωLO ∼ 36meV in GaAs). Indium and Aluminium
isoelectronic monolayer insertions, initially proposed as
a probe of the carrier wavefunction,6,7 are an interest-
ing tool to engineer the electronic states inside a QW.
This was actually implemented to shorten the operating
wavelength of mid infrared QCLs.8 Recently, it has been
theoretically shown that a three level system suitable for
THz applications can be obtained in a single unbiased
GaAs/AlAs QW by including multiple In and Al mono-
layer insertions inside the well.9 It was also shown that
the envelope function approach (EFA), widely used in
QCL modeling, fails to predict higher electron states en-
ergies in this particular case of very thin insertions, while
the atomistic spds∗ tight-binding (TB) model gave essen-
tially perfect agreement with existing spectroscopic data.
In this Letter we extend this work and report on a full
design of a THz QCL based on a single QW active region
containing a single In monolayer (ML) insertion. The
main advantage is a large increase of lasing transition os-
cillator strength per unit length. Besides, in the proposed
design the lower laser level has two distinct depopulation
paths, either through a direct phonon assisted transition
to a lower level in the active QW, or through a tunneling-
assisted transition in the collector/injector QW. A large,
nearly temperature-independent contrast between upper
and lower states depopulation rates is obtained. These
improvements in theoretical performances are expected
to help reaching THz lasing at room temperature.
We begin with a presentation of the theoretical ap-
proach: we use the extended-basis spds∗ TB model,10
with optimized TB and strain parameters.11 We first de-
fine a supercell (containing 4×n atoms, where n ∼ 400 is
the number of ML in the computed structure). Atomic
positions are relaxed using Keating valence force field
model.12 Then the TB Hamiltonian is created including
spin-orbit coupling, strain effects according to the strain
model of Refs. 11 and 13, and the bias potential. Fi-
nally the Hamiltonian is diagonalized to determine the
electronic state energies and wavefunctions.
Since the TB model was rarely used to model QCLs,
we first validate our methodology by applying it to the
FIG. 1. Calculated conduction GaAs/Al0.15Ga0.85As band
diagram under alignment bias (13 kV/cm). The barrier and
well layer thicknesses are 48/96/20/74/42/161 A˚, starting
from the injector barrier.
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2FIG. 2. Schematic representation of the targeted design.
well-documented 3-QW QCL design4. Figure 1 shows
the calculated conduction band diagram under alignment
bias. Both the calculated transition energies and align-
ment field (13 kVcm−1) are in excellent agreement with
experimental results.4 We note however that our result
for the lasing transition oscillator strength (F43 = 0.34)
is smaller than the value (0.51) reported in Ref. 4. This
is likely due to the fact that we calculate dipole moments
using the full spinorial wavefunctions while EFA adopts
simplifying assumptions.
Having checked our model against existing theoretical
and experimental results, we now use it and design a
new QCL structure. The idea is to create a single QW
active region and a single QW collector/injector. The
active region is engineered using In ML insertion in or-
der to have the three lower electron state energies (e1,
e2, e3) fulfilling e3 − e2 ∼ 15 meV and e2 − e1 > ~ωLO.
It is obviously desirable that the energy separation be-
tween the two lower electron state (eI1 and e
I
2) of the
collector/injector QW be equal to the energy separation
FIG. 3. Dependence of intersubband transition energies e2-e1
and e3-e2 on the In monolayer position for 80, 90 and 100
MLs thick GaAs/Al0.2Ga0.8As quantum wells, under a bias
of 12 kV/cm. The dashed horizontal line corresponds to the
LO phonon energy (36 meV).
between the two lower electron state in the active region
(eI2 − eI1 = e2 − e1). If the later condition is respected,
at the alignement bias, the electrons in the lower laser
state have two different depopulation paths (i) a phonon
assisted transition to the state e1 followed by a tunneling
through the collector barrier to the collector state eI1 (ii)
a tunneling to the collector state eI2 followed by a phonon
assisted transition to eI1. A schematic representation of
the targeted design is shown in Fig. 2.
The proposed double QW structure offers several tun-
able parameters: The QW widths, the barriers height,
the barrier widths, the operating electric field, and
the ML insertion positions. To reduce the number of
parameters we arbitrarily fix the barrier composition
to Al0.2Ga0.8As and the operating electric field to 12
kVcm−1. These values may be slightly modified later
to optimize the structure.
We first study the effect of a single In ML insertion on
the transition energies between the lower three conduc-
tion states in biased single QWs with different widths.
We show on Fig. 3 the dependence of e2-e1 and e3-e2
transition energies on the In ML insertion position for
80, 90 and 100 MLs thick GaAs/Al0.2Ga0.8As quantum
wells, under a bias of 12 kV/cm. The ML insertion
strongly modifies the transition energies, and a 3-level
system with e3 − e2 < ~ωLO and e2 − e1 > ~ωLO can
be obtained for various In ML positions. The minimum
value of the transition energy e3 − e2 is obtained for an
In ML inserted away from the center of the well in the
region with a lower electrostatic potential. This position
corresponds to the maximum of the e1 state wavefunc-
tion in the biased QW. Also the minimum value of the
transition energy e3 − e2 decreases when the QW thick-
ness increases, as a direct consequence of the decrease
FIG. 4. Calculated conduction GaAs/Al0.2Ga0.8As band di-
agram under alignment bias (11.9 kV/cm). The barrier and
well layer thicknesses are 10/58/1/41/10/60 MLs, starting
from the injector barrier, and the InAs monolayer is under-
lined.
3TABLE I. Conduction state energies and lasing transition oscillator strength for different In concentration profile shapes and
positions. zIn is in ML, the energies are given in meV with respect to the lowest conduction state in the module (e1=0).
drelax zIn e2 e3 e4 e5 e1′ e5-e3 F53 e5-e4 F54
1ML=2.83A˚
56 1.30 37.09 41.24 56.42 60.76 19.33 0.164 15.18 0.812
57 1.07 37.34 41.38 56.47 60.73 19.13 0.128 15.09 0.881
58 0.86 37.56 41.48 56.66 60.72 19.10 0.097 15.18 0.933
59 0.70 37.77 41.55 57.01 60.70 19.24 0.074 15.46 0.965
2ML=5.65A˚
56 0.55 37.37 41.43 56.51 60.68 19.14 0.140 15.08 0.866
57 0.54 37.70 41.63 56.78 60.63 19.08 0.107 15.15 0.922
58 0.64 38.06 41.85 57.23 60.60 19.17 0.082 15.38 0.959
59 0.82 38.41 42.05 57.86 60.59 19.45 0.063 15.81 0.974
of electron confinement energy. For the same reason the
maximum of the transition energy e2−e1 decreases when
the QW thickness increases. We finally conclude that a
100 ML thick QW with an In ML insertion at the 59th
ML is a good starting point for the QCL structure design
since e2 − e1 = 38.0 meV and e3 − e2 = 17.6 meV.
Next we consider the injector/collector part of the
QCL structure. We target a single QW injector/collector
in which the transition energy between the lowest two
electron state is close to the calculated e2-e1 in the
active region QW (∼38 meV). So we consider a sin-
gle GaAs/Al0.2Ga0.8As QW under the same bias of 12
kV/cm, and vary its width. We find that the desired
value of the transition energy is obtained for a QW width
of about 60 MLs.
Finally we create the periodic QCL structure by cou-
pling the two QWs engineered above. We choose the
injector and collector barrier widths to be 10 MLs. This
seems to be an appropriate value since, for a Al0.2Ga0.8As
barrier, the resulting anticrossing energies are in the
range 2 – 4 meV, which corresponds to tunneling times
in the picosecond range. We finally tune the applied
bias slightly to reach band alignment. Figure 4 shows
FIG. 5. Temperature dependence of the phonon emission
rates of the 5→2 and 4→2 transitions in the QCL structure
of Fig. 4.
the calculated conduction band diagram for the designed
structure. The laser transition (5→4) has an energy
of 15.4 meV (3.7 THz) and an oscillator strength per
nanometer of 0.9414, two times larger than in the struc-
ture of Ref. 4 (c.f. Fig. 1). The lower laser state (labeled
4 on the figure) is aligned with second electron state in
the collector, and is 39.7 meV above the lower electron
state in the active region QW (labeled 2 on the figure).
This design offers to the carriers in the lower laser state
two different paths of depopulation: (i) a direct phonon-
assisted transition to the lower state in the QW, or (ii)
a tunneling through the collector barrier to the second
electron state in the collector, followed by thermaliza-
tion to ground state. Note that the transition 3→1, in
the injector well, has an energy equal to 37.6 meV, still
larger than the LO-phonon energy. Hence the proposed
design also has an undeniable advantage of offering two
parallel phonon-assisted depopulation paths.
Although the proposed QCL structure has many ad-
vantages in terms of oscillator strength of the laser transi-
tion and phonon-assisted depopulation of the lower laser
state, the population inversion would only be possible
if the phonon-assisted transition 4→2 is faster than the
5→2. The modeling of lasing threshold, using advanced
methods such as density matrix,15 non-equilibrium Green
functions,16,17 or Monte Carlo techniques,18 is far beyond
the scope of this paper: here, we simply calculate the LO-
phonon emission rates of the 5→2 and 4→2 transitions
due to the Fro¨hlich Hamiltonian, following the approach
detailed in Ref. 19. Figure 5 shows the temperature de-
pendence of the phonon-assisted 5→2 and 4→2 transi-
tion rates. At low temperature the 4→2 is more than
three time faster than the 5→2 transition, and it is still
two time faster at high temperature. These results prove
that a population inversion between the levels 4 and 5 of
the considered QCL structure is possible, and that the
carriers lifetime in these two states have almost the same
temperature dependencies, indicating a stronger stability
against temperature raise. Note that the second depop-
ulation path of level 4 is not included in this calculation,
so actual situation will in fact be much better. A sim-
ple performance comparison between the here proposed
design and the structure of Ref.4 is possible, assuming
similar tunneling extraction rates in both structures: At
high temperature, when the tunneling extraction rates
4are drastically reduced, the direct phonon-assisted de-
population of the lower lasing state remains faster than
the depopulation of the higher lasing state, indicating
that our design may operate at a higher temperature.
Finally, we discuss the issue of design stability against
fabrication defects. Indeed, In monolayer insertions have
been realized by molecular beam epitaxy6–8, and two
main deviations from the ideal design may appear: The
segregation of In atoms20, and the fluctuation of the ML
position due to the long fabrication time. To model a
more realistic In concentration profile, we replace the In
ML in our design by an In segregation profile in the form:
1/drelaxY (z−zIn)(exp(−(z−zIn/drelax)), where zIn is the
nominal insert position, Y is the step function and drelax
is a constant experimentally measured to be in the range
3–6 A˚ for InAs/GaAs ML. InGaAs alloys are modeled
using the virtual crystal approximation model of Ref. 21.
We calculate the conduction band diagram of the struc-
ture for two different values of drelax (1 and 2 ML) and
for different positions of the In ML. Table I summarizes
the results. For the considered drelax and growth orien-
tations, the band alignment is stable for a wide range of
InAs ML position with no need to readjuste the oper-
ating bias. Also the lasing transition energy fluctuates
by less then 1 meV, while its oscillator strength drops
only by less than 25% at worse. We also considered the
case where the tail of the exponential function is oriented
in the opposite way (toward the injector rather than to-
ward the collector), but obviously, results are not much
different.
In summary, we report here a new design of THz QCLs
based on a potential-inserted single QW active region
and a single QW injector/collector. It offers significant
advantages over the classical 3-well design in terms of
transition oscillator strength and phonon-assisted depop-
ulation of lower lasing state, and a limited penalty due
to finite phonon-assisted depopulation of upper lasing
transition. Generally speaking, the proposed design has
many degrees of flexibility for ultimate tuning and opti-
mization. We believe that this structure is a promising
candidate to achieve room temperature THz QCLs.
The authors thank Dr. R. Colombelli for enlightening
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